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Calculation of the breakthrough time of an organic substance 
through a fixed layer of active carbon 
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The results of investigations of the adsorption dynamics of organic substances on active 
carbons (AC) moistened to equilibrium over a wide range of breakthrough concentrations are 
discussed. The features of adsorption dynamics typical for the moisture-free AC in the region 
of low breakthrough concentrations are also present when they are moistened to equilibrium. 
The equations for calculating the breakthrough time of low concentrations through a fixed 
layer of equilibrium moistened AC corresponding to the maximum permissible concentra- 
tions are derived. 
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The adsorption method using microporous adsorbents 
is the most effective and prevalent technique for purify- 
ing the industrial waste gases containing vapors of from 
40 to 130 harmful organic compounds.  1 Therefore, the 
study of the regularities of adsorption dynamics is of 
great significance, particularly in the region of relatively 
low breakthrough concentrat ions corresponding to the 
max imum permissible concentrat ions (MPC)  of harmful 
substances. The regularities of the dynamics of the ad- 
sorption of benzene  vapor on moisture-free AC in the 
region of low breakthrough concentrat ions have been 
considered previously . l -5  A mathematical  approach has 
been developed and an equat ion for calculating the 
breakthrough t ime of substances through a fixed layer of 
sorbent has been suggested. 

The presence of moisture in the air and in AC in-  
creases the efficiency of these purification processes. 6-8 
Consequently,  studying the regularities of the dynamics 
of the adsorption of vapors of organic substances on 
moistened AC is of extreme importance.  

This work is devoted to an investigation of the ad- 
sorption dynamics of vapors of organic substances on 
AC in the presence of water over a wide range of 
breakthrough concentrat ions,  to a study of the regulari- 
ties of adsorption dynamics in the region of relatively 

low breakthrough concentrat ions of deleterious organic 
substances, and to the development of a mathematical  
approach to calculating the breakthrough t ime for low 
concentrat ions corresponding to MPC through a fixed 
layer of AC. 

Experimental 

The adsorption dynamics of vapors of the organic sub- 
stances were investigated on the active carbon AC-1, whose 
porous structure consists of micro-, supermicro-, meso-, and 
macropores. In some experiments other AC's were used. The 
characteristics of the porous structure of AC's under investiga- 
tion are presented in Table 1. 

Organic compounds with various geometric and electronic 
structures, hexane, cyclohexane, benzene, perfluorobenzene, 
dioxane, and tetraehloromethane, were chosen as the adsorb- 
ates. A study of the joint adsorption of organic substances and 
water vapor was carried out by the previously 2 described 
procedure, allowing individual output curves to be obtained for 
each component of the mixture. 

Practically dry air as well as air with different relative 
amounts of moisture (up to 90 %) was used. The sorbents were 
preliminarily moistened by water vapor at a fixed humidity (~) 
to equilibrium (Weq = cp). Adsorption of the organic sub- 
stances was carried out at the same humidity as pre-adsorption 

Table 1. Characteristics of the porous structure of active carbons 

Adsorbent W01 E01 W02 E02 Vines o 
/cm 3 g-1 /kJ tool -1 /era 3 g-I /kJ mo1-1 /cm 3 g-t 

AC-1 0.214 22.73 0.056 9.50 0.120 
AC-2 0.236 24.32 -- -- 0.110 
AC-3 0.489 28.00 -- 0.022 

Translated from Izvestiya Akademii Nauk. Seriya Khimicheskaya, No. 1, pp. 62--66, January, 1995. 
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/ l /  b Fig. 1. Output curves of the joint adsorption of cyclohexane 
and water (a) and the initial sections of the curves in semiloga- 
rithmic coordinates for cyclohexane (b) on equilibrium mois- 
tened active carbon AC-1 (L = 20 mm) at varios humidities, 
(p = Weq (%): 0 (1), 40 (2), 65 (3), and 75 (4). Dark dots 
correspond to displacement of water. 

of water. The concentrations of the substances in the gas-- 
vapor mixture, the specific rate, and the temperature were 
constant and equal to 3.8 mg L - t ,  0.5 L min -1 cm -2, and 
293 K, respectively. The experiments were carried out on 
adsorbent layers of various lengths (10, 20, 40, and 60 mm). 

Results and Discussion 

The output  curves of  adsorpt ion on mois ture-free  AC 
as well as on AC mois tened  to equi l ibr ium for the 
substances under  considera t ion  in a wide range of  break- 
through concent ra t ions  were plot ted according to the 
developed procedure .  Figure 1 shows the output  curves 
of  cyc lohexane  adsorpt ion  on AC-1 at various relative 
humidi t ies  of  the  gas - -vapor  mixture and with equilib- 
r ium mois tening of  the adsorbent.  Figure 2 presents the 
output  curves of  the  adsorpt ion of  cyclohexane and 
benzene in the  region of  breakthrough concentra t ions  
on AC-1 for various lengths of  the adsorbent  layer; 
equi l ibr ium mois tening  o f  AC and relative humidi ty  
equal 75 %. 

A study of  the  dynamics  of  the  adsorpt ion of  the 
organic substances by the layer of  equi l ibr ium mois tened 
AC from a flow of  mois t  air (see Figs. 1 and 2) showed 
that  in the region of  relatively low breakthrough concen-  
t rat ions a number  of  regularit ies can be seen. First,  the 
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Fig. 2. Output curves of cyclohexane (a) and benzene (b) 
adsorption on equilibrium moistened active carbon AC-l 
(q~ = Weq = 75 %) for various lengths of the sorbent layer, 
L/mm: 10 (1), 20 (2), 40 (3), and 60 (4). 

initial port ions of  the output  curves are straight lines. 
The range of  relative concentra t ions  in which the l inear-  
ity of  the initial  port ions is observed for the  adsorbed 
substances examined extends from 10 -5 to 10 .2  . 

Second, for these substances there is a paral lel  shift 
of  the l inear port ion of  the output  adsorpt ion curves as 
the length of the equi l ibr ium mois tened layer changes 
(see Fig. 2). The paral le l ism of  the l inear  por t ions  is 
evidence that  the fronts of  low vapor  concentra t ions  
move along the length of  the  adsorpt ion layer at equal 
rates. This is clearly demons t ra ted  in the  plots of  the 
isopycnic curves of  adsorpt ion (Fig. 3). 

Third,  as can be seen from Fig. 3, the format ion of  
the region of  relatively low breakthrough concentra t ions  
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Fig. 3. Isopycnic curves of cyclohexane (a) and benzene (b) 
adsorption on moisture-free AC-1 and on AC-1 equilibrium 
moistened at q~ = Weq = 75 % at various relative concentra- 
tions: C/C o = 10 -5 (1, 1'); 10 -4 (2, 2'); 10 -3 (3, 3"); 10 -2 
(4, 4'); 10 -I  (5, 5); 0.5 (6, 6"); 0.6 (7); 0.7 (6); 0.9 (9, 9"), 
and 0.5 at (p = Weq = 0 % (10, 10"). 

for equilibrium moistened AC occurs in a relatively 
short time. This is followed by movement  along the 
layer. For  an AC layer of  length <20 m m  the region of  
low breakthrough concentrations is characterized by the 
presence of  a nonstat ionary stage in the adsorption 
dynamics (the curve of  the concentrat ion distribution is 
deformed), whose duration is determined by the length 
of  the working layer (for cyclohexane and benzene it is 
about 20 ram). In the region of  layer length >20 m m  
the distribution curve of  low concentrations begins to 
shift with a nearly constant rate (isopycnic curves are 

parallel). The range of  relative concentrations (C/C0) in 
which the isopycnic curves are parallel is 10 - 5 - 1 0  -2 for 
cyclohexane and benzene. 

This shape of  output curves and isopycnic curves of  
adsorption in the region of  low concentrations was also 
observed for moisture-free A C J  - 5  The isopycnic curves 
of  cyclohexane and benzene adsorption at their break- 
through concentration,  which is 0.5 C O on moisture-free 
AC, are presented for comparison in Fig. 3. The rate at 
which the vapors move along a layer is known 1-5 to be 
approximately equal to the rate of  movement  of  a front 
of  relatively low breakthrough concentrations. It is seen 
that although the character of  the adsorption of  these 
organic substances on moisture-free and equilibrium 
moistened AC are closely allied, the rate of  movement  
of  the adsorption front for equilibrium moistened AC is 
considerably greater than that for the moisture-free sorb- 
ent. In the case of  higher concentrations (C /C  o > 10 -2) 
the adsorption fronts of  equilibrium moistened AC are 
subjected to substantial deformation. From the consid- 
eration of  the isopycnic curves of  adsorption it follows 
that the rates of  movement  of  the adsorbed substances at 
these concentrations are considerably lower than in the 
region of  low concentrations. This is particularly charac- 
teristic of  benzene when AC layer length is >20 mm. 
The results obtained (see Fig. 1) indicate that when the 
breakthrough concentrations of  the organic substances 
C/C o are >10 -1, intense displacement of  water from the 
adsorption volume of  the micropores is observed. The 
lower rate of  movement  of  substances along a layer at 
these concentrations appears to be associated with the 
final rate of  the mass exchange processes: the loss of  
moisture in part of  the micropore volume, and slow 
diffusion and filling of  the freed micropore volume with 
organic compounds through the action o f  the counter 
flow of  the desorbed water molecules. 

As the requirements for the quality of  the purifica- 
tion of  waste gases from vapors of  harmful organic 
substances become stricter the determination of  the 
breakthrough time of  MPC of  these substances through 
a fixed layer becomes a meaningful goal. Investigations 
have shown that for practically moisture-free and equi- 
librium moistened AC the breakthrough time (t) of  
MPC of organic substances through an adsorbent layer 
may be found from the equation describing the initial 
section in the region of  relatively low breakthrough 
concentrations: 

log(C/C o) = k + F't, (l) 

where k is the segment obtained by the intersection of  
the extension of  the linear portion o f  the output curve 
and the y axis at an infinitely short time (t ~ 0), or 
log (CyC0); C o is the initial concentration of  the organic 
substance; C" is the breakthrough concentrat ion when 
t ~ 0; F'is the tangent of  the slope of  the linear section 
extended to the x axis. The k fragment or log (C'/Co) 
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may be found from the equation for the effective kinetic 
coefficient of mass exchange 7 for equilibrium moistened 
AC: 

log(C'/Co) = -[0 .434(L/v)"  ]3eff(1- ~ �9 0H20)], (2) 

where 

= (Wo/Vmeso)exp[(2.3RT/Eo) 2" (R*/RH*)-W/2], 

L is the length of AC layer; v --  linear rate of the gas- 
vapor mixture; 13ef r --  effective kinetic coefficient of 
mass exchange for practically moisture-free AC; 0H~O -- 
water space factor of the adsorption space of AC m~cro- 
pores; W 0 --  limiting volume of adsorption space of AC 
micropores; Vmeso -- volume of AC mesopores; R -- gas 
constant; T -  temperature; E0 --  characteristic adsorp- 
tion energy of the standard vapor--benzene mixture; 
R * - -  refraction of the examined organic substance; 
RH* - -  refraction of a H atom; ~ -- total number of C 
atoms in the molecule and unpaired electrons for C1, O, 
N, and other atoms. 

The analysis of the data on the adsorption dynamics 
of organic substances in the region of relatively low 
breakthrough concentrations (see Fig. 1) showed that as 
the relative humidity and accordingly the amount of 
preliminarily sorbed water increase, the slope of the 
linear section of the output curve extended to the x axis 
changes for all organic substances under investigation. 
We believed that this is associated with a change in the 
equilibrium adsorption of the organic substance as the 
relative humidity and AC moisture content increase. 
From the experimental output curves of the adsorption 
dynamics, the equilibrium values of the adsorption of 
the examined substances on moisture-free AC and on 
AC moistened to equilibrium at different relative 
humidities were estimated. 

Figure 4, a presents the dependences of the tangents 
of slopes (F ' )  of the lines on the equilibrium adsorption 
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Fig. 4. a. Dependences of tangents of the slopes of the linear 
portions of the output curves on the equilibrium adsorption 
values occuring in dynamic experiments for hexane (1), cy- 
clohexane (2), benzene (3), dioxane (4), perfluorobenzene (5), 
and tetrachloromethane (6). 
b. Scheme of the determination of the tangent of slope (F'). 

Table 2. Calculated (tcalc) and experimental (texp) values of 
breakthrough time through an AC layer for relative concentra- 
tion C/C o = 1.10 -3 (L = 20 mm, u = 0.083 m s -1, q) = 
Weq =75 %, C O =3.8 mg L -l) 

Adsorbent Adsorbat tcalc/min texp/min 

AC- 1 Hexane 5.0 6.0 
Cyclohexane 3.0 4.0 
Benzene 10.8 l 1.0 
Perfluorobenzene 15.0 18.0 
Dioxane 27.0 30.0 
Tetrochloromethane 4.4 3.5 

AC-2 Hexane 2.7 2.0 
Cyclohexane 1.0 0.5 

AC-3 Hexane 0.0 0.0 

values of the organic substance (W) occurring in dy- 
namic experiments at various relative humidities and 
various equilibrium moistening of AC. The adsorption 
values are expressed in volume units, and the densRies of 
the vapors of the organic substances are taken to be equal 
to the densities of the liquids at 293 K. As can be seen 
from Fig. 4, a, the tangent of the slope of the linear 
portion of the output curve increases as the relative 
humidity and amount of water adsorbed by AC increase. 
For all substances under investigation the dependence of 
the tangent of the slope on equilibrium adsorption are 
linear over the range of moistures considered, from mois- 
ture-free samples and air to those equilibrium moistened 
at q~ = 90 %. As this takes place for all of the substances 
examined, the straight lines intersect at the point on the 
x axis, whose value corresponds to the limiting volume of 
the adsorption space of the investigated AC micropores 
(W0). The linear dependence of F'  on W' (see Fig. 4, b) 
may be approximated by the following equation: 

F' = F(1 - W'/Wo).  (3) 

To find the value of segment F let us consider 
Fig. 4, b. The point N with coordinates (W, F0) is an 
experimental value of equilibrium adsorption, i.e., it is 
tangent of the slope of the linear portion of the output 
curve of the adsorption of an organic substance for 
practically moisture-free AC. The ratio F / W  o equals 
F o ( W  o - W), because the triangles have the common 
angle )~. Then 

F = WoF0/(W0- W). (4) 

When the air and the AC layer are moisture-free 
the tangent of the slope of the linear portion of the 
output curve extended to the x axis may be found as 
follows: 1-5 

Fo = 0.434Cof3eff/(eta), (5) 

where a is the equilibrium adsorption of the organic 
substance on moisture-free AC; ~ is a coefficient that 
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takes into account the discrepancy between the t value 
obtained by extension of the linear portion of the output 
curve in the region of relatively low breakthrough con- 
centrations until it intersects the x axis, and the output 
time of the half breakthrough concentration (0.5C0). 
Substituting expression (5) in Eq. (4), and then (4) in 
Eq. (3), thereupon (3) and (2) in Eq. (1), the following 
expression for the calculation of breakthrough times of 
relatively low concentrations corresponding to MPC can 
be obtained after the necessary rearrangements: 

t = [cm/(Cov)l '[(W o - W ' ) / ( W  o - W)]x 
x [(l - ~0H2o)L -- (2.3v/f3eff)log(Co/C)]. (6) 

A comparison of the experimental and calculated 
values of the MPC breakthrough time for a number of 
organic substances and AC showed (Table 2) that Eq. 
(6) describes the experimental data reasonably well, 
which allows it to be recommended for use in engineer- 
ing calculations. 
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